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Abstract—Due to dense deployments of Internet of things
(IoT) networks, interference management becomes a critical
challenge. With the proliferation of aerial IoT devices, such as
unmanned aerial vehicles (UAVs), interference characteristics in
3D environments will be different than those in the existing
terrestrial IoT networks. In this paper, we consider 3D topology
IoT networks with a mixture of aerial and terrestrial links,
with low-cost cross-dipole antennas at ground nodes and omni-
directional antennas at aerial nodes. Considering a massive-
access communication scenario, we first derive the statistics of
the channel gain at IoT receivers in closed form while taking into
account the radiation patterns of both ground and aerial nodes.
These are then used to calculate the ergodic achievable rate as
a function of the height of the aerial receiver. We propose an
interference mitigation scheme that utilizes 3D antenna radiation
pattern with different dipole antenna settings. Our results show
that using the proposed scheme, the ergodic achievable rate
improves as the height of aerial receivers increases. In addition,
the ratio between the ground and aerial receivers that maximizes
the peak rate also increases with the aerial IoT receiver height.
Index Terms—5G, 3D topology, antenna radiation pattern, IoT,
UAV, uncoordinated network.
I. INTRODUCTION
With the emerging of 5G wireless systems, network den-
sification becomes crucial to improve data throughput [2]. In
the prospective networks, various types of Internet of things
(IoT) devices, such as sensors, mobile phones, vehicles, are
pervasively present and connected together. Massive access
IoT is thereby the growing concept where ubiquitous devices
communicate and interact with each other [3]–[5]. In order
to satisfy the growing demand for IoT devices, various dif-
ferent technologies have been developed and standardized.
In particular, 3GPP developed the narrowband IoT (NB-IoT)
specifications [6], [7], while LoRa and Sigfox are introduced
as alternative low-power wide-area network (LPWAN) tech-
nologies [8].
Future IoT deployments are expected to involve various
different kinds of devices and applications. Among them,
communication with aerial devices, such as cellular-connected
unmanned aerial vehicles (UAVs), has recently received major
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attention [9], [10]. UAVs have been considered as part of a 3D
IoT network in [11] for crowd surveillance purposes, while
3D scenarios for IoT deployments have been considered in
[12], [13] for RFID-based localization, and [14] provides a
broader overview with 3D IoT deployments. With massive de-
ployments of IoT networks, interference management becomes
a critical challenge [15], [16], which especially has not been
explored in detail in the 3D space.
The effect of 3D radiation pattern has been studied for
massive MIMO beamforming in the literature, where angle
dependent antenna gain incorporated with beamforming gain
is studied [17]–[21]. 3D beamforming with UAVs have been
explored in [22], [23], which consider the effect of the
3D antenna radiation pattern combined with the 3D spatial
beamforming. However, these approaches, and associated in-
terference mitigation schemes such as zero-forcing precoding,
interference cancellation, and interference alignment may not
be suitable for tackling with interference problems in 3D
space for low-cost and low-complexity IoT devices. Such IoT
devices typically operate below 1 GHz, and may employ only
a single (or few) dipole antennas, and have limited computa-
tional capabilities. While dipole antenna radiation pattern with
different configurations in the 3D space have been studied
in [1], [24]–[26], there is no detailed analysis of interference
characteristics and mitigation schemes with aerial equipment
to our best knowledge.
In this paper, considering both aerial and ground IoT
nodes, we propose a new interference mitigation scheme in
uncoordinated IoT networks that utilizes the 3D radiation
pattern of dipole antenna. The main concept of our proposed
interference mitigation scheme is that if we utilize the different
antenna radiation pattern at the transmitter side depending on
the 3D location of the receiver, we can suppress interference
signal and enhance the desired signal. In general, in a 2D
space topology we assume that the dipole antenna is aligned
with z-axis, which generates omni-directional radiation pattern
with respect to azimuth angle. However, this dipole setting,
which may be common in typical low-cost IoT devices, cannot
have onmi-directional radiation pattern in 3D topology (as in
networks including aerial nodes) due to power that varies with
the elevation angle. On the other hand, by aligning dipole
antenna with different direction, such as y-axis, we can obtain
a different directivity of the radiation pattern.
In our previous work [1], we investigate the interference
mitigation scheme by the 3D radiation pattern in the 3D topol-
ogy network with similar setting. In particular, we propose 2
and 3 dipole antenna schemes in order to generate various
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2radiation patterns depending on antenna configurations, and
show the performance improvement by varying the height of
the aerial devices and the proportion of the aerial devices by
simulations. On the other hand, in this paper, different than [1],
we focus on both analytically and numerically showing the
performance improvement based on the concrete 3D topology
channel model and solving the ergodic achievable rate. The
contributions of the present paper can be listed as follows.
– We propose a 3D topology channel model based on
the antenna patterns and the location of the devices by
using uniformly random variable azimuth angle (φ) and
distance in the 2D plane (r). In addition, we derive the
PDF of the elevation angle (θ) and 3D distance (R) in
order to calculate the distribution of the distance between
transmitters and receivers.
– Based on the PDF of the distance and angles, we de-
rive the closed-form equations of the expectation of the
channel gains, which incorporates pathloss, small-scale
fading, and antenna gain.
– We derive the ergodic achievable rate of the aerial re-
ceivers with different dipole antenna setting, and propose
the cross-dipole antenna scheme that improves the rate
compared with the conventional single dipole scheme.
– By numerical results, we show that the proposed cross-
dipole scheme outperforms the single dipole scheme, and
the ergodic achievable rate grows as the height of the
aerial receiver increases. In addition, we show the best
ratio between the ground receiver and aerial receiver with
the different height of the aerial receivers.
The rest of this paper is organized as follows. Section II
provides the IoT system model with both ground and aerial
IoT nodes. Section III analyzes the effect of the 3D annenna
patterns on the IoT link link qualities considering a multi-
access communication scenario. Section IV derives the ergodic
rates in such a multi-access IoT network, and proposes an an-
tenna selection scheme for interference mitigation. Section V
provides numerical results for an IoT network with mixed
ground/aerial links, and the last section concludes the paper.
II. SYSTEM MODEL
In this study, we consider uncoordinated network with IoT
devices as shown in Fig. 1. Transmitter and receiver pairs are
distributed in 3D space without resource management from a
central base station. Thus, time and frequency resources are
shared by transmitter/receiver (Tx/Rx) pairs. IoT devices are
divided into ground and aerial devices depending on the typical
altitude of the device. For example, the sensor is regarded as a
ground device, and the UAV is considered as an aerial device.
We consider the case that all IoT Txs are ground devices,
while IoT Rxs are either ground or aerial devices. Thus, there
are links between ground to ground (G-to-G), ground to air
(G-to-A) in the networks.
A. 3D Topology Based Channel Model
The channel between a transmitter and a receiver is modeled
by pathloss, small-scale fading, and antenna gain. The distance
between transmitter and receiver is easily derived by the 3D
IoT Tx
IoT Rx
IoT Rx
IoT Tx
G-to-A link: G-to-G link: Interference:
IoT Rx IoT Rx
IoT Tx IoT Tx IoT Tx
IoT Rx
Fig. 1. Illustration of the 3D topology of the IoT network with both ground
and aerial nodes.
Cartesian coordination of two devices. Let (xTxi , y
Tx
i , z
Tx
i ),
(xRxi , y
Rx
i , z
Rx
i ) denote the positions of Tx and Rx of ith
pair. Then, the distance between Tx and Rx is calculated
as di,i =
√
(xTxi − xRxi )2 + (yTxi − yRxi )2 + (zTxi − zRxi )2.
Then, the free-space pathloss can be expressed as
βi,i =
(
λ
4pidi,i
)2
, (1)
where λ is the wave length of the signal. We denote α as the
small scale fading coefficient, and GTxi , G
Rx
i are antenna gain
of transmitter and receiver sides, respectively. The channel
coefficient gi,i can be written by
gi,i =
√
PGTxi βi,iG
Rx
i αi,i, (2)
where P is signal power from transmitter. The magnitude of
small scale fading coefficient follows Rayleigh distribution,
α ∼ CN (0, 1). Although we consider NLoS small scale fading
model due to long-distance IoT link, air-to-ground channels
can be also modeled by Rician fading that LoS component is
dominant depending on the channel environment, as:
gi,i =
√
PGTxi βi,iG
Rx
i
{√
κ
κ+ 1
+
√
1
κ+ 1
αi,i
}
, (3)
where κ is the power ratio between the LoS and NLoS
components. We consider Rician fading channel model by
simulation results in Section V-E. The antenna gain GTxi , G
Rx
i
is the function of the angle of departure (AoD) and the angle
of arrival (AoA). The angle can be represented by the azimuth
angle (φ) and the elevation angle (θ), and the function GTxi ,
GRxi is changed depending on the antenna model.
B. The Ergodic Achievable Rate
The ergodic achievable rate of the aerial receiver can be rep-
resented by the channel gain from the connected transmitter,
interference from other transmitters, and additive noise, as:
Si = E
{
log2
(
1 +
|gi,i|2∑
j 6=i |gi,j |2 + σ2n
)}
, (4)
3maxm
r

h

Tx
1Rx
R
0m
Fig. 2. The 3D topology of IoT network in stand-alone scenario.
where Si is the ergodic achievable rate of the aerial receiver
(ith receiver), and σ2n is the noise variance. We can approxi-
mate the ergodic achievable rate in (4) as
Si
(a)≈ E
{
log2
(
1 +
|gi,i|2∑
j 6=i |gi,j |2
)}
(b)≈ log2
(
1 +
E{|gi,i|2}∑
j 6=i E{|gi,j |2}
)
, (5)
where (a) comes from the assumption that the effect of noise
is trivial in the interference dominant network, and (b) comes
from the approximation related with Jensen’s inequality [27],
[28]. Note that the approximation (b) holds if |gi,i|2, |gi,j |2
are non-negative, and it is more accurate as the number of
random variables increase.
III. THE EFFECT OF ANTENNA RADIATION PATTERN ON
3D TOPOLOGY NETWORKS
In this section, we study the effect of 3D antenna radiation
pattern in channel gain |gi,i|2 and achievable rate S. We
assume that ground transmitters utilize cross-dipole antenna,
and aerial receivers have onmi-directional radiation pattern
antenna. The two dipole antennas are placed on z-axis and
y-axis of Cartesian coordinate. Thus, the ground transmitters
are able to transmit signal either z-axis dipole antenna or y-
axis dipole antenna. At first, we consider stand-alone case,
which means that only one Tx/Rx pair is located at a given
space. Then, we expand it to multiple Tx/Rx scenario.
A. Analysis of Stand-alone Scenario
1) PDF of random variables related with the location of
devices: Let consider one Tx/Rx pair. The location of ground
transmitter is decided by 2D circle radius (r) and azimuth
angle (φ), and the location of aerial receiver is fixed at (0, 0, h)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
0.5
1
1.5
2
2.5
Monte-Carlo simulation
Closed-form equation
Fig. 3. The PDF of random variable θ on stand-alone scenario in (7). m0 =
10, mmax = 100, h = 100.
Cartesian coordinate. The illustration of the 3D topology of
the IoT network is shown in Fig. 2. The random variables r,
φ are independently uniformly distributed as
fr(r) =
1
mmax −m0 , [m0 < r < mmax],
fφ(φ) =
1
2pi
, [0 < φ < 2pi], (6)
where fr(r), fφ(φ) are the probability density function (PDF)
of r and φ, while m0, mmax are the minimum and the
maximum radius of the circle, respectively. The elevation angle
(θ) can be represented as θ = tan−1( rh ). Then, the PDF of
random variable θ can be derived by
dθ =
h
r2 + h2
dr,
fθ(θ)
(a)
=
∑
fr(h tan θ)
∣∣∣∣drdθ
∣∣∣∣
=
∑
fr(h tan θ)
∣∣∣∣h2 tan2 θ + h2h
∣∣∣∣
=
∑
fr(h tan θ)(h tan
2 θ + h)
=
h
(mmax −m0) tan
2 θ +
h
(mmax −m0) ,[
tan−1
(m0
h
)
< θ < tan−1
(mmax
h
)]
, (7)
where (a) comes from the PDF transformation function. The
distance between Tx and Rx is easily obtained as R = hcos θ .
The PDF of θ in (7) is shown in Fig. 3, which is confirmed
by Monte-Carlo simulation.
2) Antenna radiation pattern of cross-dipole antenna: The
radiation pattern of dipole antenna is interpreted by normalized
antenna field pattern F . If we place the dipole antenna on z-
axis, the radiation pattern is onmi-directional to azimuth angle
(φ). The normalized antenna field pattern of z-axis dipole
antenna is written as [29], [30]:
Fz(θ) =
cos
(
pif0dlen
c cos θ
)
− cos
(
pif0dlen
c
)
sin θ
, (8)
4Fig. 4. The field pattern of dipole antenna on Cartesian coordinate (normalized
magnitude).
where dlen, c, f0 denote the length of dipole antenna, the speed
of light, and carrier frequency, respectively. If we assume half-
wave length dipole antenna (dlen = λ2 ),
pif0dlen
c =
pi
2 holds.
Then, (8) can be rewritten as
Fz(θ) =
cos
(
pi
2 cos θ
)
sin θ
. (9)
Let dipole antenna be placed on y-axis. The angle between the
dipole antenna direction and the signal propagation direction
is cos−1(sˆ · yˆ) = cos−1(sin(θ) sin(φ)), where sˆ, yˆ are the unit
vector of the signal and y-axis. Then, the normalized antenna
field pattern of y-axis dipole antenna is given by
Fy(θ, φ) =
cos
(
pi
2 cos
(
cos−1(sin(θ) sin(φ))
))
sin (cos−1(sin(θ) sin(φ)))
. (10)
Note that the antenna field pattern of y-axis is the function
of both the azimuth angle (φ) and the elevation angle (θ). It
means that the antenna gain can be changed by varying the
azimuth angle as well as the elevation angle. The field patterns
of z-axis, y-axis dipole antenna from (9), (10) on Cartesian
coordinate are shown in Fig. 4.
3) The expectation of the channel gain: The statistical
knowledge of the channel gain is important in order to obtain
the achievable rate of the user or system. We hence derive
the expectation value of the channel gain E{|gi,i|2} here, to
calculate the ergodic achievable rate later on. If we consider z-
axis dipole antenna on ground transmitter and omni-directional
antenna on aerial receiver, we can express the expectation of
the channel gain from (1), (2) as
E{|gi,i|2}z = E{PF 2z βα2}
(a)
=
Pλ2
16pi2
E
{
α2
}
E
{
(Fz)
2
R2
}
(b)
= k1E
{
(Fz)
2
R2
}
. (11)
Since α is independent of the positions of devices, (a) holds,
and (b) comes from k1 = Pλ
2
16pi2 , E
{
α2
}
= 1. By using (9),
(11) can be rewritten as
E{|gi,i|2}z
= k1E

(
cos
(
pi
2 cos θ
)
sin θ
)2
cos2 θ
h2

(a)
= k1
∫ (
cos
(
pi
2 cos θ
)
h sin θ
)2
cos2 θ fθ(θ)dθ
(b)
=
k1
(mmax −m0)h
∫ tan−1(mmaxh )
tan−1(m0h )
(
cos
(
pi
2 cos θ
)
sin θ
)2
× cos2 θ (1 + tan2(θ))dθ
(c)
=
k1
(mmax −m0)h
∫ tan−1(mmaxh )
tan−1(m0h )
(
cos
(
pi
2 cos θ
)
sin θ
)2
dθ,
(12)
where (a) comes from the definition of the expectation, (b)
comes from (7), and (c) comes from 1 + tan2(θ) = sec2(θ).
Since there is no closed-form equation for (12), we utilize
asymptotic behavior to approximate the equation. If the height
of the aerial receiver (h) goes to infinity, the interval of the
integral with respect to θ go to 0; tan−1(mmaxh )→ 0, as h→∞. Then, we can apply Taylor series approximation at θ = 0,
E{|gi,i|2}z
≈ k1
(mmax −m0)h
∫ tan−1(mmaxh )
tan−1(m0h )
(
pi2θ2
16
)
dθ,
=
pi2k1
[{
tan−1
(
mmax
h
)}3 − {tan−1 (m0h )}3]
48(mmax −m0)h , (13)
where
(
pi2θ2
16
)
is the first term of Taylor series.
Now, if we consider y-axis dipole antenna for the ground
transmitter, we can derive the channel gain by similar way.
E{|gi,i|2}y
= k1E
{
(Fy)
2
R2
}
(a)
= k1
∫ ∫ (
cos
(
pi
2 cos(cos
−1(sin(θ) sin(φ)))
)
h sin (cos−1(sin(θ) sin(φ)))
)2
× cos2 θ fθ(θ)fφ(φ)dθdφ
(b)
=
k1
2pih(mmax −m0)
∫ 2pi
0
∫ tan−1(mmaxh )
tan−1(m0h )
×
(
cos
(
pi
2 cos(cos
−1(sin(θ) sin(φ)))
)
sin (cos−1(sin(θ) sin(φ)))
)2
dθdφ, (14)
where (a) comes from the definition of the expectation and
(10), and (b) comes from the PDF functions in (6). In the
similar manner, since there is no closed-form equation for (14),
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h [m]
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Fig. 5. The expectation of the channel gain verse height (h) with different
dipole antenna placement on stand-alone scenario in (13), (15), and m0 = 10,
mmax = 100.
if the height (h) goes to infinity, we can apply Taylor series
approximation at θ = 0, to obtain
E{|gi,i|2}y
≈ k1
2pih(mmax −m0)
∫ 2pi
0
∫ tan−1(mmaxh )
tan−1(m0h )
×
(
1− 1
4
(pi2 − 4) sin2(φ)θ2
)
dθdφ
=
k1
2pih(mmax −m0)
∫ 2pi
0
×
(
(4− pi2) sin2(φ) [{tan−1 (mmaxh )}3 − {tan−1 (m0h )}3]
12
+ tan−1
(mmax
h
)
− tan−1
(m0
h
))
dφ
=
k1
2pih(mmax −m0)
×
(
(4pi − pi3) [{tan−1 (mmaxh )}3 − {tan−1 (m0h )}3]
12
+2pi tan−1
(mmax
h
)
− 2pi tan−1
(m0
h
))
, (15)
where
(
1− 14 (pi2 − 4) sin2(φ)θ2
)
is the first and the second
terms of Taylor series at θ = 0 with fixed φ. The tightness of
the approximated close-form equations (13), (15) is shown by
simulation in Fig. 5. It is observed that (13) is really close
to the exact value even if the height (h) is low, and (15)
becomes close to the exact value as h increases. Note that
the approximations should be more accurate at higher height,
since we use h→∞.
B. Analysis of Multiple Tx Scenario
Let us consider multiple transmitters on the ground, and an
aerial receiver is fixed at (0, 0, h) Cartesian coordinate. Let us
assume that one ground transmitter which is connected with
the aerial receiver utilizes either z-axis dipole antenna or y-
axis dipole antenna, and all other ground transmitters select
maxm rˆ
h
Tx i
Rx i
R

0m ˆ
Fig. 6. The 3D topology design in IoT network on multiple Tx/Rx pairs
scenario.
z-axis dipole antenna. We compare the achievable rate S of
the aerial receiver depending on the dipole antenna selection
from the connected ground transmitter. As mentioned before,
ground transmitters have cross-dipole antenna and they are
capable of selecting either z-axis or y-axis dipole antenna.
Intuitively, we can observe from the antenna field patterns that
z-axis dipole achieves higher antenna gain to ground receivers,
and y-axis dipole antenna obtains better performance to aerial
receivers.
Let consider the case that the ground transmitter con-
nected with the aerial receiever utilizes z-dipole antenna.
Then, E{|gi,i|2} is equal to E{|gi,i|2}z in (13). Since other
transmitters utilize z-dipole antenna, E{|gi,j |2} is also equal
to E{|gi,i|2}z. If we assume that the number of pairs of Tx/Rx
is K and substitute E{|gi,i|2}z in (13) for ζz, the ergodic
achievable rate of the aerial receiver from (5) can be written
as
{Si}z ≈ log2
(
1 +
ζz
(K − 1)ζz
)
= log2
(
1 +
1
(K − 1)
)
.
(16)
Note that the ergodic achievable rate with z-dipole antenna is
only depending on the number of pairs (K) in the network.
The reason for this is that either desired signal or interference
signal has the same statistical values.
Next, let us consider the case that the ground transmitter
utilizes y-dipole antenna. At this time, the channel gain from
the desired signal E{|gi,i|2} is equal to E{|g|2}y in (15). Then,
after we substitute E{|g|2}y for ζy, the ergodic achievable rate
of the aerial receiver can be expressed as
{Si}y ≈ log2
(
1 +
ζy(h)
(K − 1)ζz(h)
)
, (17)
where channel gains ζy(h), ζz(h) are the function of the height
(h). We interestingly observe that the ergodic achievable rate
from (17) improves as the height increases, while the ergodic
achievable rate from (16) keeps constant as a function of the
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Fig. 7. The PDF of random variables on multiple Tx/Rx scenario in (20), (21), (22), where m0 = 10, mmax = 100, h = 100.
height, which is shown by simulations in Section V. It means
that we can improve the performance of the achievable rate
by utilizing different antenna radiation pattern depending on
the type of the devices. For example, we can set the ground
transmitters which are connected with the ground receiver
to choose z-axis dipole antenna, and transmitters which are
connected with the aerial receiver to select y-axis dipole
antenna. Besides, we can obtain better performance, as the
height of the aerial receiver is higher.
IV. ANALYSIS ON MULTIPLE TX/RX PAIRS SCENARIO
In this section, we extend the scenario to multiple Tx/Rx
pairs without the limitation of the receivers’ positions. It means
that the receivers are not fixed at (0, 0, h) Cartesian coordinate,
but decided by random variables. Moreover, receivers could be
either ground receiver or aerial receiver. We assume that the
height of all aerial receivers is fixed to h. Fig. 6 shows the
new illustration of 3D topology design in IoT network with
multiple Tx/Rx pairs scenario.
A. PDF of Random Variables Related with the Location of
Devices
At first, the location of the individual transmitters and
receivers are decided by independently generated random
variables. The PDF of uniformly distributed random variables
that indicates the position of the devices are given by
frTx(r
Tx) =
1
mmax −m0 , [m0 < r
Tx < mmax],
frRx(r
Rx) =
1
mmax −m0 , [m0 < r
Rx < mmax],
fφTx(φ
Tx) =
1
2pi
, [0 < φTx < 2pi],
fφRx(φ
Rx) =
1
2pi
, [0 < φRx < 2pi], (18)
where rTx, rRx are the 2D circle radius of transmitters and
receivers, and φTx, φRx are azimuth angle of transmitters and
receivers. Since the location of both transmitters and receivers
are determined by random variables, we need to calculate the
relative difference of the Tx/Rx random variables in order to
derive the distance between transmitters and receivers (R):
φˆ = |φRx − φTx|,
rˆ =
√
(rTx)2 + (rRx)2 − 2rTxrRx cos φˆ, (19)
where φˆ is relative difference of azimuth angle between Tx and
Rx, rˆ is distance between Tx and Rx at 2D ground plane. The
equation of rˆ comes from the law of cosines in trigonometry.
The PDF of φˆ can be expressed as
fφˆ(φˆ) =
1
2pi2
(2pi − φˆ), [0 < φˆ < 2pi], (20)
where (20) is derived from the property that the PDF of
the sum of the two independent random variables is the
convolution of the PDF of two random variables. The closed-
form equation of the PDF of rˆ is hard to obtain. Alternatively,
we obtain the approximated form of the PDF by using the PDF
fitting tool in MATALAB. By simulation results, we observe
that the PDF of rˆ fits closely to the Rayleigh distribution:
frˆ(rˆ) ≈ rˆ
b2
e
−rˆ2
2b2 , (21)
where the coefficient b = 60.7994 in the fitted PDF, when
m0 = 10, mmax = 100. Then, we can derive the PDF of θ
from the equation rˆ = h tan(θ) as follows:
fθ(θ) =
∑
frˆ(h tan θ)
∣∣∣∣drˆdθ
∣∣∣∣
=
∑
frˆ(h tan θ)
∣∣∣∣h2 tan2 θ + h2h
∣∣∣∣
=
h2 tan θ
b2
e−
h2 tan2 θ
2b2 sec2 θ, [0 < θ < tan−1(
2mmax
h
)] .
(22)
The closed-form equations of PDF of φˆ, rˆ, θ are simulated
in Fig. 7, which are compared with Monte-Carlo simulations.
In Fig. 7(b), it is observed that fitted PDF of rˆ to Rayleigh
distribution (red solid line) closely matches to the exact
distribution (blue histogram).
7B. The Expectation of the Channel Gain
The expectation of channel gains can be calculated by the
new PDF of random variables. By the similar analysis to the
stand-alone scenario, we can obtain the expectation of the
channel gain in case of both the ground transmitter with z-
axis dipole antenna and the ground transmitter with y-axis
dipole antenna, as follows:
E{|gi,i|2}z
≈ −3pi
2k1e
−(3k2)/8
512b2k2
(√
6pik2erfi
(√
k2(4θ
2 + 3)
2
√
6
)
−4e 124k2(4θ2+3)2
)∣∣∣tan−1( 2mh )
0
= ζz, (23)
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(−3k1e−(3k2)/8
64pi2b2k2
)(
5pi2
3
− pi
4
4
)(√
6pik2
× erfi
(√
k2(4θ
2 + 3)
2
√
6
)
− 4e 124k2(4θ2+3)2
)∣∣∣∣tan
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0
+
(
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−(3k2)/8
4b2
√
k2
)
(√
3pi
2
erfi
(√
k2(4θ
2 + 3)
2
√
6
))∣∣∣∣∣
tan−1( 2mmaxh )
0
= ζy, (24)
where erfi() is the imaginary error function. For the proofs of
(23) and (24), see Appendix.
The accuracy of the approximations (23) and (24) are shown
in Fig. 8. We observe the similar tendency with stand-alone
scenario in Fig. 5. The closed-form equations are close to the
exact values and they are closer to the exact values as h grows.
C. The Proposed Scheme
We propose an antenna selection strategy where the ground
transmitters which are connected with the ground receivers uti-
lize z-axis dipole antenna, and the ground transmitters which
are connected with the aerial receivers utilize y-axis dipole
antenna. In practice, transmitters need to decode messages or
receive preambles from receivers in order to know whether
the type of receiver is ground or aerial ones. One feasible
way to decide the antenna is by measuring received signal
power of preambles. Received signals power from the ground
receiver will be higher by selecting z-axis dipole antenna,
while received signals power from the aerial receiver will be
higher by selecting y-axis dipole antenna. Let G = {F 2z , F 2y }
be the candidate antenna selection. Then, cardinality |G| = 2
for cross-dipole setting, either selecting z-axis dipole antenna
or y-axis dipole antenna. The decision made by the highest
received preamble signal power:
{GTxi }? = arg max∀GTxi ∈G
PGTxi βi,iα
2
i,iσ
2
s , (25)
where σ2s is the signal power of the preamble.
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Fig. 8. The expectation of the channel gain verse height (h) with different
dipole antenna placement on multiple Tx/Rx pairs scenario in (23), (24).
m0 = 10, mmax = 100.
The ergodic achievable rate of the aerial receiver (ith
receiver) can be expressed from (5) as
Si ≈ log2
(
1 +
E{|gi,i|2}∑
j 6=i E{|gi,j |2}
)
= log2
(
1 +
ζy
(Kgrd)ζz + (Karl − 1)ζy
)
, (26)
where ζz, ζy come from (23) and (24), and Kgrd, Karl are
the number of the grounds transmitters which are connected
with the ground receiver and the aerial receiver respectively;
Kgrd +Karl = K.
V. NUMERICAL RESULTS
In this section, we present simulation results for the per-
formance of the ergodic achievable rate and the sum rate in
the proposed schemes. The simulation settings are listed in
Table I. We assume that transmitters perfectly know the type
of receivers (ground or aerial devices).
TABLE I
SIMULATION SETTINGS
Parameter Value
Minimum radius of circle
in ground plane (m0) 10 m
Maximum radius of circle
in ground plane (mmax) 100 m
The number of Tx/Rx pairs (K) 5, 10
Transmit power (P) 23 dBm
Carrier frequency (f0) 800 MHz
Bandwidth (B) 200 kHz
Additive noise power −174 + 10 log10(B) dBm
A. Ergodic Achievable Rate of the Aerial Receiver on the
Single Rx Scenario
In Fig. 9, we show the ergodic achievable rate, and desired
and interference signal power of the aerial receiver on the
850 100 150 200 250 300 350 400 450 500
Aerial receiver height (h) [m]
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
Er
go
di
c 
ac
hi
ev
ab
le
 ra
te
 [b
ps
/H
z] z-axis dipole (Monte-Carlo)
y-axis dipole (Monte-Carlo)
z-axis dipole (closed-from)
y-axis dipole (closed-from)
(a) Ergodic achievable rate
50 100 150 200 250 300 350 400 450 500
Aerial receiver height (h) [m]
10-12
10-11
10-10
10-9
10-8
10-7
10-6
Po
w
er
 [W
]
z-axis dipole, desired signal (Monte-Carlo)
y-axis dipole, desired signal (Monte-Carlo)
z-axis dipole, interference signal (Monte-Carlo)
z-axis dipole, desired signal (closed-form)
y-axis dipole, desired signal (closed-form)
z-axis dipole, interference signal (closed-form)
(b) Desired and interference signal power
Fig. 9. Ergodic achievable rate and signal power verse the height of the aerial
receiver on the scenario in Section III-B with K = 5.
scenario in Section III-B. In the scenario, the single aerial
receiver is fixed at (0, 0, h) m. In Fig. 9(a), the closed-
form equation of z-axis dipole antenna (the red dashed line)
comes from (16), and the closed-form equation of y-axis
dipole antenna (the blue dashed line) comes from (17). The
Monte-Carlo results are directly simulated by the exact ergodic
achievable rate in (4). Thus, the gap between closed-form and
Monte-Carlo results comes from the approximation procedure
in (5). It is observed that the rate gradually increases as the
height of the aerial receiver grows in y-axis dipole setting from
the ground transmitter (blue curve), while the rate is static in
z-axis dipole setting from the ground transmitter (red curve).
The simulation result in Fig. 9(b) shows the consistency with
Fig. 9(a) that the gap between desired signal power of y-
axis dipole (blue curve) and interference signal power (green
curve) keeps increasing, while the gap between desired signal
power of z-axis dipole (red curve) and interference signal
power (green curve) is constant. Note that we include only the
result of interference signal power of z-axis dipole antenna
setting, since both the interference signal power of z-axis
dipole and y-axis dipole is the same. From the simulation
result, we conclude that the performance can be improved by
the different antenna radiation pattern depending on the type
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Fig. 10. Ergodic achievable rate verse the height of the aerial receivers on the
scenario in Section IV with the different number of aerial receivers (Karl),
K = 10.
(ground / aerial) of the receiver. In addition, we show that
as the height of the aerial receiver increases, the performance
becomes better.
B. Ergodic Achievable Rate of the Aerial Receiver on the
Multiple Tx/Rx Pair Scenario
The ergodic achievable rate of the scenario in Section IV is
shown in Fig. 10. In the scenario, all the ground / aerial devices
are randomly located at the given space. The transmitters
which are connected with the ground receiver utilize z-axis
dipole antenna, and the transmitters which are connected with
the aerial receiver utilize y-axis dipole antenna. The number
of Tx/Rx pairs (K) is 10. The simulation results of closed-
form equation come from (26) with the different number of
aerial receivers (Karl). We observe that the performance of the
achievable rate increases as the height of the aerial receiver
increases, while the performance decreases as the number of
the aerial receivers increases. It means that as the number of
aerial receivers increases, the number of transmitters which
utilize y-axis dipole antenna proportionally increases. Then,
the power of interference signal toward individual aerial re-
ceivers also increases, which degrades the performance. As a
reference, we include the simulation results that all transmitters
utilize z-axis dipole antenna (red curve), which achieves worse
performance with the flat curve.
C. Ergodic Sum Rate of the Aerial Receiver on the Multiple
Tx/Rx Pair Scenario
In Fig. 11, we depict the ergodic sum rate on scenario
in Section IV by Monte-Carlo simulations. The number of
Tx/Rx pairs is 10 (K = 10). the ergodic sum rate is given
by Ssum =
∑K
i=1 Si. If we increase the number of the aerial
receivers (Karl), the percentage of the aerial receivers in the
network proportionally increases. For example, Karl = 1
means that 10% of the overall network are the aerial receivers,
while Karl = 5 means that 50% of the network are the aerial
receivers. It is observed that depending on the height of aerial
receivers, the best ratio between the number of ground and
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Fig. 11. Ergodic sum rate verse the height of the aerial receivers on the
scenario in Section IV with the different number of aerial receivers (Karl),
K = 10.
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Fig. 12. Ergodic sum rate verse the percentage of the aerial receivers in the
network with the different height of the aerial receivers, K = 10.
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Fig. 13. Ergodic sum rate verse the height of aerial receivers with antenna
selections based on perfect knowledge and power measurement, K = 10.
aerial receivers varies. In the case of the low height (h = 50
m), 50% of the aerial receivers (Karl = 5) in the network
0 10 20 30 40 50 60 70 80 90 100
Aerial receiver percentage (%)
1.5
2
2.5
3
3.5
4
4.5
Er
go
di
c 
su
m
 ra
te
 [b
ps
/H
z]
Low height (50m), only z-axis
Low height (50m), cross-dipole
Mid height (150m), only z-axis
Mid height (150m), cross-dipole
High height (400m), only z-axis
High height (400m), cross-dipolepeak point, h=400 m
peak point, h=150 m
peak point, h=50 m
Fig. 14. Ergodic sum rate verse the percentage of the aerial receivers in the
network by Rician fading channel in (3), where K-factor = 10 dB.
achieves the best rate (black circle line) and the 10% of the
aerial receivers (Karl = 1) in the network achieves the worst
rate (blue square line). On the other hand, in case of the
medium height (h = 150 m), 30% of the aerial receivers in
the network achieves the best rate (cyan diamond line) and
70% of the aerial receivers in the network achieves the worst
rate (purple plus line). Furthermore, in the case of the high
height (h = 400 m), 10% of the aerial receivers in the network
achieves the best rate (blue square line) and 70% of the aerial
receivers in the network achieves the worst rate (purple plus
line). Note that the y-axis dipole antenna to the aerial receiver
improves the achievable rate of not only the aerial receivers
but also the ground receivers, which reduces the interference
in both case.
The ergodic sum rate verse the percentage of the aerial
receivers in the network with different height is shown in
Fig. 12. We can observe that the point of the peak rate on
the percentage of the aerial receivers is different depending
on the height. The 50 % / 30% / 10% of the aerial receivers is
the peak in low / medium / high height of the aerial receivers.
Note that this observation coincides with the result discussed
in Fig. 11. We conclude that the best ratio of the ground /
aerial receivers in the network is changed by the height of
the aerial receivers. In low height, 50% aerial nodes can be
the best, but the single aerial receivers can be the best in
the high height of the aerial receivers. Also, we compare the
proposed cross-dipole antenna scheme (blue curves) with the
scheme that transmitters use only z-axis dipole antenna (red
curves). We observe that our proposed scheme achieves better
performance in all heights.
D. The Effect of Antenna Selection based on Received Signal
Power Measurement
In previous simulation results, we assume that transmitters
know information of the type of receivers, and decide z-axis
or y-axis dipole antenna without estimation. In this part, we
apply the strategy in (25) that selects antenna by measuring
signal power. In Fig. 13, we compare the ergodic sum rate of
antenna selection strategies based on perfect knowledge and
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measurement. It is observed that the performance between two
strategies is close to each other, which means that the loss of
performance is trivial by the antenna selection based on signal
power.
E. The Performance on Rician fading Channel Model
In Fig. 14, we show the performance in Rician fading
channel model in (3) by the ergodic sum rate. We observe
that a tendency for the ergodic sum rate is similar to Rayleigh
fading channel model in (2). Note that since the expecta-
tion value of the small scale fading coefficient is the same
for both Rayleigh and Rician fading model, the analytical
approximation result of ergodic achievable rate is the same;
E
{
α2
}
= E
{
κ
κ+1 +
1
κ+1α
2
}
= 1.
VI. CONCLUSION
In this paper, we propose and study an interference mitiga-
tion scheme that utilizes the diversity of the radiation pattern in
3D topology IoT uncoordinated network. We propose a cross-
dipole antenna setting at the transmitter, which utilizes either
z-axis dipole antenna or y-axis dipole antenna depending
on the type of the receivers. We design the 3D topology
channel model based on the location of the devices, and we
analytically show that y-axis dipole antenna achieves a better
performance for aerial receivers than z-axis dipole antenna.
By simulation results, we observe that cross-dipole antenna
scheme outperforms the scheme that only uses the z-dipole
antenna, and we can improve the performance by increasing
the height of the aerial receivers. In addition, depending on
the height of the aerial receivers (low / mid / high), the best
ratio of the ground receiver to aerial receiver varies.
APPENDIX
PROOF OF EQUATIONS (23), (24)
We may rewrite (11) as:
E{|gi,i|2}z
= k1E
{
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)
dθ ,
(27)
where Fz, fθ(θ) come from (9), (22), and k2 = −h
2
2b2 . If the
height (h) goes to infinity, the interval of the integral with
respect to θ goes to 0 (tan−1( 2mmaxh ) → 0, as h → ∞).
Then, we can apply Taylor series approximation at θ = 0 as
follows:
E{|gi,i|2}z
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∫ tan−1( 2mmaxh )
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pi2θ3
16
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2+ 23 θ
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where pi
2θ3
16 is the first term of Taylor series of (cos(
pi
2 cos θ)
/ sin θ)2(tan θ), and θ2+ 23θ
4 includes the first and the second
terms of the Taylor series of tan2 θ. By solving (28), we can
obtain (23).
Similarly, the proof of equation (24) is obtained by starting
from (14) as follows:
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where Fy, fφˆ(φˆ), and fθ(θ) come from (10), (20), (22),
respectively. After applying Taylor series approximation, (29)
can be rewritten as
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≈ k1
2pi2b2
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where
(
θ +
(
sin2(φˆ)− pi2 sin2(φˆ)4 + 13
)
θ3
)
includes the first
and the second terms of the Taylor series at θ = 0 with fixed
φˆ. By solving (30), we can obtain (24).
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